A procedure using an automated microwave flow digestion technique was developed and validated for the digestion of samples of certifiable color additives before mercury determination by cold vapor atomic absorption spectrometry. Recovery studies were performed by spiking most of the color additives subject to batch certification by the U.S. Food and Drug Administration with inorganic mercury (HgNO 3 ) and with organic mercury (CH 3 HgCl). Successful recoveries of 72-113% Hg added at the 1 mg/g level were obtained. A method detection limit of 0.2mg Hg/g was estimated from a Hg-spiked FD&C Yellow No. 6 sample. At the specification level of 1 ppm Hg (1 mg Hg/g), the 95% confidence interval was ± 0.2 ppm (0.2 mg Hg/g).
T he purpose of this work was to develop a rugged, automated method for determination of mercury in certifiable color additives. Mercury, long recognized as being toxic to humans, is also a prevalent environmental contaminant from both man-made sources, such as industrial wastes, incinerator emissions, pesticides and fungicides, and natural sources, such as mineral deposits (1, 2) . To limit human exposure to Hg from all sources, most certifiable color additives are subject to a specification of not more than 1 ppm Hg (3). The U.S. Food and Drug Administration (FDA) routinely analyzes certain color additives used in foods, drugs, or cosmetics for Hg content as part of its batch certification program.
The method used previously by FDA for determination of Hg in color additives was cumbersome and problematic. In that method, Hg was volatilized by combustion of the color additive. Interfering combustion products were removed by a series of traps before detection by atomic absorption spectrometry (AAS; 4). The technique required continuous operator attention; did not work in the presence of halogens, e.g., for several fluorescein dyes; and was influenced by environmental changes, particularly humidity, requiring frequent stabilization and recalibration. Additionally, trap materials and the pyrolysis catalyst frequently became contaminated or blocked, with a resultant loss in method sensitivity for Hg.
The automated digestion method, described here, combined with a standard cold vapor AAS (CVAAS) determination eliminates these problems.
CVAAS for determination of Hg is the technique of choice in many applications because of its simplicity, very high sensitivity, and relative freedom from interferences. The method involves treating an acidified digested sample containing Hg compounds with a reducing agent, usually stannous chloride, and sweeping the resulting Hg vapor by means of an inert gas through an absorption cell. The absorption of the Hg 254.4 nm line by the Hg vapor is proportional to the concentration of Hg in the sample. Since its introduction by Poluektov (5) and popularization by Hatch and Ott (6) , the CVAAS method has been improved and automated (7) (8) (9) . Most manufacturers of atomic absorption equipment offer accessories for Hg determination by CVAAS. However, samples usually must first be dissolved and all forms of Hg converted to the Hg(II) state before determination by CVAAS.
A variety of reagents have been used to solubilize the various matrixes and to convert compounds containing Hg to Hg(II). The choice of acids and oxidizing agents depends on the matrix and the characteristics of the analysis system. Agemian and Chau (8) used UV light to degrade organomercurials in the presence of high chloride content without oxidizing Cl -to Cl 2 , which can interfere with the determination. A combination of perchloric and nitric acids is also effective for total (organic and inorganic) Hg determination (10 (6) . Besides the use of a combination of reagents for digestion to prevent loss of Hg from solution by partial reduction, some researchers preserve test samples and standards before digestion with oxidizing agents, for example, 5% HNO 3 + 0.05% K 2 Cr 2 O 7 (7, 11) . Kopp et al. (2) found inclusion of K 2 S 2 O 8 in the digestion mixture necessary for complete recovery of organomercurials. Another effective digestion and preservation mixture uses a bromate/bromide mixture to cleave Hg from carbon and preserve Hg in a complexed and oxidized form in water (12) . Louie (13) , which is more stable to reduction than Hg(II) (13) . In the method presented here, HCl is used with HNO 3 to preserve Hg in the test and standard solutions.
Microwave-assisted digestion of sample solutions under pressure combines the benefits of rapid heating with higher boiling temperatures, which can break stronger bonds. Recently, attempts have been made to include digestion in a flow injection/CVAAS method (14) . Microwave heating has also been used, with the main advantage being savings in digestion time, but with the disadvantages of gas formation, increased dispersion, and resulting loss of sensitivity (15, 16) . The combination of microwave digestion and flow injection/CVAAS is appealing because it is efficient and can be automated. However, because of our experiences with flow injection and reports of problems with solid-handling, gas formation, and carry-over (17), we chose to develop a digestion procedure using microwave heating in a flow system separate from the determination step. Fortunately, a commercial microwave system was available for this purpose, which made the routine digestion and Hg determination feasible for large numbers of color additive samples. This study describes the development of a digestion procedure using a flow microwave digestion system and a simple acid mixture for the preparation of color additive samples prior to CVAAS determination for Hg, including methyl mercury. 
METHOD

Apparatus
-Add 20 g anhydrous SnCl 2 + 30 g NaCl to 1000 mL volumetric flask. Very carefully add 50 mL H 2 SO 4 to flask (heat and gases evolve) and stir until solids dissolve. Add small amount of water to rinse down sides of container; if too much is added, solids will not dissolve. Dilute to 1000 mL with water after cooling to room temperature.
Test Sample Preparation Using Flow Digestion System
Weigh 0.0300 g portions of color additive into 50 mL polypropylene tubes. As quality check, weigh duplicate test sample for every 10th test sample and spike with 300 µL 100 µg Hg/L solution. Record weights and spike amounts for use in calculations. Add dispersion aide to those color additives requiring it for proper sampling (Table 1) , and then add 50 mL 4% HCl + 12% HNO 3 solution into each vessel. Additionally, prepare a blank with 4% HCl + 12% HNO 3 , but without color additive. Do not digest samples containing iodide (FD&C Red No. 3, D&C Orange Nos. 10 & 11) . Iodide is oxidized to iodine, which penetrates Teflon tubing and subsequently binds Hg. Cap the vessels and shake (or place in a sonicator) until the color additives are thoroughly dissolved or dispersed. Uncap vessels, and then load them into the autosampler of the flow microwave digestion system. Digest test samples by using a sample loop with nominal volume of 2 mL and by using a pressure limit of 265 psi. At completion of the digestion run, record volume (± 0.1 mL) of each digest relative to the markings on calibrated 15 mL polypropylene collection tubes. Cap digests and shake to mix; then transfer them to the Hg analyzer sample tubes.
Calibration of the Flow Microwave Digestion Sample Loop
The sample loop volume on the flow microwave digestion system must be determined for dilution calculations because no internal standard can be used when a dedicated element analyzer is used. This was done by placing the sample probe in a vessel containing 2.00 µg Hg/L standard solution. The sample pump was turned on and the capacitance detectors were continuously monitored. When the capacitance on the detector for the sample loop dropped, indicating that the sample loop was filled with an acidic solution, the sample pump was stopped. The fitting between a valve and the microwave heating cavity was unscrewed and a 25.00 mL volumetric flask was placed under the outlet from that valve. The valve was then opened. The high pressure pump speed and sample pump speed were then set to 100%. After waiting 45 s, the high pressure pump speed and sample pump speed were reset to 0% and the valve was closed. Finally, the fitting was closed. This procedure was repeated until 6 sample loop volumes were collected. The volumetric flasks were diluted to the mark with water. The resulting solutions were then analyzed for Hg by using CVAAS. The resulting concentrations in µg/L units were multiplied by 12.5 (25 mL/2.00 µg/L) to yield the sample loop volume in mL. The average of the 6 readings was used as the sample loop volume.
Verification of Collection and Digestion of the Entire Sample Loop Volume
The sample probe was placed in a vessel containing 2.00 µg Hg/L standard solution, and the digestion unit was allowed to process 6 test portions. Final digest volumes were noted and digests were analyzed on the Hg analyzer. The theoretical concentrations were validated by verifying that they were equal to the measured concentrations.
Mercury Analyzer Conditions
Calibration.-Prepare stock solution containing 100 µg Hg/L by serial dilution of the 10 000 mg Hg/L solution with aqueous 1% HCl + 3% HNO 3 . Dilute aliquots of 100 µg Hg/L stock solution (0, 100, 200, 300, 400, and 500 µL) to 50 mL with aqueous 1% HCl + 3% HNO 3 to prepare (0, 0.2, 0.4, 0.6, 0.8, and 1.00 µg Hg/L) calibration solutions.
Mercury Determination and Calculations
Set up the CVAAS Hg analyzer with 1.0 mL sample loop, carrier solution of 5% H 2 SO 4 , 2% stannous chloride reducing solution, and magnesium perchlorate drying tube, and set run time to 3.5 min. Analyze standards, test samples, spiked test samples, and check standards. After the run, calculate Hg concentration in color additives by using the spreadsheet program ( Table 2 ). The main source of error is from Hg analyzer instrumental variation, and is estimated to be ± 0.2 µg Hg/g color additive. If spike recoveries and check standards are off by more than 0.2 µg Hg/g, determine and correct cause. Repeat determination for affected color additives.
Validation (Recovery Study)
Twenty-seven different color additives, representing all chemical classes of certifiable color additives and color additive lakes, were spiked in triplicate with aliquots (0, 100, 200, and 300 µL) stock solution containing 100 µg Hg/L (as HgNO 3 ). Spiked samples were treated and run in the manner described in the procedure. The average spike recoveries are reported in Table 3 . Eighteen color additives were also spiked separately with aliquots (300 µL) stock solution containing 100 µg Hg/L from an organic Hg compound, CH 3 HgCl. Those recoveries are included in Table 3 .
Results and Discussion
Acid Digestion Mixture Selection
Initial tests were conducted in sealed vessels heated by using a CEM MDS-2000 microwave digestion system. HNO 3 alone or with H 2 SO 4 gave inadequate and variable recovery of Hg from spiked color additives when analyzed relative to standards prepared in acids matched to the digestion mixture. Use of Louie's (13) acid mixture containing HCl, HNO 3 , and H 2 SO 4 was successful. However, it was hypothesized that under high heat and pressure, sufficiently strong bond-breaking digestion conditions were present, and that H 2 SO 4 could be eliminated. Thus, a simpler mixture of HCl and HNO 3 was tried. The acid system was optimized to include 1 part HCl and 3 parts HNO 3 (0.5 g color additive + 2 mL HCL + 6 mL HNO 3 ) diluted to 50 mL with water after digestion. Although the technique was successful, vessel preparation and cleanup were time consuming. A flow microwave digestion system was then tried.
Adaptation of Flow Microwave Digestion System
Color additives were weighed into tared 50 mL polypropylene test tubes and 50 mL aqueous 4% HCl + 12% HNO 3 solution was added. The digestion system injected 2.60 mL aliquots of these solutions into a pressurized water stream which flowed through a microwave oven, cooler, and filter to collection vessels. This was successful as long as dye concentrations were kept below 0.5% to prevent blockages and overpressurization. Some insoluble colors required addition of Triton X-100 and/or ethanol for adequate dispersion before sampling ( Table 1) .
Choice of CVAAS System
Separation of the digestion process from Hg determination allows the choice of either a flow-or a batch-type cold vapor Hg analyzer. In the batch system, an aliquot of laboratory sample is injected into a reaction vessel into which reagents are added. We found that the batch system used smaller amounts of reagents. Moreover, as the reagents were not continuously flowing, monitoring waste overflow during unattended operation was not necessary. Also, because of the separation of digestion from determination, long reaction coils were not needed to eliminate gases and heat to produce reproducible signals. The combination of an automated flow digestion system with the batch analyzer met our needs for ruggedness and sensitivity.
Preservation of Mercury from Predigestion Solutions
Mercury can be lost from undigested specimen solutions as a result of formation of volatile mercury compounds (i.e., mercurous chlorides). Some of the commonly used preservatives, however, are oxidizing salts that are incompatible with microwave heating. We used Louie's (13) observation that mercury was not lost during open digestions when HCl was included in the acid mixture. In our work, Hg was not lost from solutions prepared with aqueous 4% HCl + 12% HNO 3 during a 24h period. We did not test stability of the solutions for longer periods. 
Sampling
Not all materials can be sampled quantitatively into a flowing stream, but for those matrixes that can be solubilized or homogenized before uptake, the technique eliminates much manual labor. Disposable vessels can be used for both the predigestion mixture and the digested solution; thus, digestion vessel preparation and cleaning are eliminated. Significantly more samples can be placed in the autosampler tray than in a microwave oven used for sealed vessel sample preparation; thus, many more test samples can be run unattended using a flow digestion system rather than sealed vessels.
Digestions in a flow stream usually incorporate an internal standard so that dilution factors can be calculated. When a single element analyzer is used, however, the dilution must be calculated differently. We measured the sample loop volume and the final digestate volume. To be sure that the entire injected volume, which becomes diluted in the flow stream, was captured in the collection vessel, we used the procedure described earlier (see Calibration Of The Flow Microwave Digestion Sample Loop).
The method requires that sample material be dispersed well enough for homogenous sampling. Basically, other than use of an appropriate dispersion aid, this requires a sufficiently small and uniform particle size, e.g., nonfibrous, to be sampled appropriately. Most dyes and pigments meet these criteria. However, a standard reference material of ground pine Table 3 . Recoveries (%) of mercury from spiked color additives a needles gave poor recoveries because of its fibrous nature. Upon digesting several replicates, full recovery of Hg was obtained from the first test portions; then as the digestion system became clogged, recoveries dropped sharply.
Method Performance
No suitable reference standard exists for Hg in color additives. Also, high-purity organomercury compounds with well-defined Hg contents are difficult to obtain. Therefore, water, river sediment, and coal standard reference materials, as well as spiked test samples and duplicates were used to test and monitor method performance (Table 4) . A sewage sludge reference material gave a positive interference. This method, therefore, may not be suitable for matrixes with a high demand for oxidation.
Recoveries of Hg from test portions of color additives spiked with 0.330-1.00 µg Hg/g ranged from 72 to 113% (Table 3). The lower values were obtained from very insoluble color additives and may be improved by careful attention to adequate dispersion and sampling. The major source of error was instrumental variation (approximately 30% in the range of 0.2-1.0 µg Hg/g), presumably due to changes in temperature. The method detection limit was 0.2 µg Hg/g calculated as 3 times the standard deviation of 7 test portions of FD&C Yellow No. 6 spiked with 0.330 µg Hg/g. Most test samples do not contain detectable levels of Hg. Over a 2-year period during which the method reported here was used, Hg was found in only 2 samples, both of them FD&C Blue No. 2, at levels of 0.6 and 0.8 µg Hg/g (under the specification limit). In the past, using different methodology, Hg has been found only rarely, but at levels as high as 7 µg Hg/g in one Ext. D&C Violet No. 2 sample.
Early trials on insoluble color additive pigments, including lakes, gave poor recovery of Hg. The addition of a dispersion aid to prevent clogging of the flow microwave digestion system dramatically improved results. Table 1 shows the dispersion mixture used for each color additive.
Advantages of the Method
For the quantitative determination of Hg in certifiable color additives, the problems encountered in the development and application of the microwave digestion-CVAAS technique were overcome. In fact, the technique necessitates minimal operator attention, incorporates quality control measures, and is suitable for analysis of all certifiable color additives, except those containing iodine (FD&C Red No. 3, and D&C Orange Nos. 10 and 11). For routine analyses of large numbers of samples, the described method has significant advantages over the previously used combustion technique. 
